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The research development of rockﬁll materials (RFM) was investigated by a series of large-scale triaxial
tests. It is observed that conﬁning pressure and particle breakage play important roles in the mechanical
property, dilatancy relation and constitutive model of RFM. In addition, it is observed that the conven-
tional dilatancy relation and constitutive model are not suitable for RFM due to the complex mechanical
behavior. Hence, it needs to propose a uniﬁed constitutive model of RFM, considering the state-
dependent and particle breakage behavior.
 2016 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
China has the largest water resources across the world, and
nearly 80% of them exist in the Midwest China. But current devel-
opment of water resources is quite low, which is mainly through
construction of high dam. The embankment dam is widely used in
the hydropower engineering for its easier material selection, lower
cost, and simpler structure. The stress of rockﬁll materials (RFM)
increases with increasing height of embankment dam, and this will
produce particle breakage of RFM, and seismic load also results in
particle breakage. Due to the particle breakage of RFM, the volume
compression of RFMwill lead to impervious system failure, which is
the most important structure of an embankment dam, and the
failure of impervious systemmarks the failure of embankment dam.
Campos Novos concrete face rockﬁll dam (CFRD), with height of
202 m and length of 590 m, suffered serious damage during
impoundment in 2005 for the ﬁrst time. At the middle segment of
Campos Novos CFRD, face slab rupture and increasing seepagewere
detected as storage water level reached about 92% of the normal
storage water level. While some cracks at the base of CFRD would
result from emptying the storage for repairing slab. Similarf Rock and Soil Mechanics,
s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).phenomenon was observed in Mohale CFRD (Johannesson and
Tohlang, 2007) and Tianshengqiao No. 1 CFRD. Cristian (2011)
found that a large stress distribution would be produced in RFM
at the back of face slab during water impoundment, which would
lead to particle crushing, and then cause separation of face slab.
When face slab loses the support of RFM, the whole structure is
very weak, and crack and rupture may occur.
The Zipingpu CFRD in China has a maximum settlement of
100 cm and horizontal displacement of 60 cm (Guan, 2009; Liu
et al., 2013) during the ‘5.12’ Wenchuan earthquake in 2008.
There were different settlements of dam crest, e.g. separation be-
tween the dam crest and face slab, fall of RFM at upstream slope,
and a large amount of damage to the impervious system. During
earthquake, the particle breakage of RFM, which is the main ma-
terial component of CFRD, would lead to whole shrinkage defor-
mation and some extrusion damage for the face slab of CFRD, and
then dam seepage occurred.
There are lots of CFRDs worldwide and some of them are sub-
jected to damage during the impoundment or seismic loading.
However, the failure mechanism of RFM is far from being well-
understood. Therefore, it is essential to carry out a series of labo-
ratory tests on RFM, which is the vital part of a CFRD.
The main objective of this paper is to investigate the research
development of RFM. Based on a series of large-scale triaxial tests
conducted by other authors, this paper summarizes the inﬂuencesoduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
Fig. 2. Variations of peak state friction angle of RFM with particle breakage index.
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property and dilatancy relation. In addition, the research status and
prospects of RFM mechanical property, dilatancy relation, particle
breakage and constitutive model are also described.
2. Large-scale triaxial tests
The particle size of RFM was reduced to a smaller one by the
parallel gradation technique (Lowe,1964) in viewof the limitation of
laboratory test instrument. Marsal et al. (1965) and Marsal (1967)
carried out a series of large-scale triaxial tests to examine the
behavior of RFM. The height, diameter,maximumparticle size of the
RFM and conﬁning pressure were 2500 mm, 1130 mm, 180 mm,
2.5 MPa, respectively. Other similar large-scale triaxial tests were
carried out to investigate the strength (Marachi et al., 1969, 1972;
Xiao et al., 2014a, b; 2015a), cycle (Anderson and Fair, 2008; Araei
et al., 2012; Sun et al., 2014a) and shear behaviors (Charles and
Watts, 1980; Barton and Kjaernsli, 1981; Indraratna et al., 1998).
This paper summarizes the tests data reported by other authors
(Marsal et al., 1965; Marsal, 1967; Marachi et al., 1969; Charles and
Watts, 1980; Indraratna et al., 1993; Varadarajan et al., 2003) to
investigate the inﬂuencing factors on themechanical failure of RFM.
2.1. Mechanical behavior
2.1.1. Strength
As the conﬁning pressure p0 increases, the peak state friction
angle 4p of RFM decreases signiﬁcantly for p0 < 1 MPa, while de-
creases at a more subdued pace for p0 > 1 MPa, as shown in Fig. 1.
The maximum and minimum peak state friction angles are 60 and
35, respectively.
Fig. 2 shows that the peak state friction angle 4p reduces with
increasing particle breakage index Bg which is deﬁned by particle
size distribution (PSD) curves (Marsal et al., 1965; Marsal, 1967).
The greater particle breakage index Bg, themore energy dissipation,
and the smaller peak state friction angle 4p.
There are not obvious variations of peak state friction angle 4p
with different initial void ratios (see Fig. 3) and maximum particle
size (see Fig. 4).
Fig. 5 presents a complex relationship between peak state fric-
tion angle 4p and coefﬁcient of uniformity Cu. An increase in coef-
ﬁcient of uniformity Cu leads to an increase in peak state friction
angle 4p in some tests, while a decrease for the others.
Compared with the ﬁve factors which have been described
above, conﬁning pressure p0 and particle breakage index Bg play the
most important roles in the strength of RFM.Fig. 1. Variations of peak state friction angle of RFM with conﬁning pressure.2.1.2. Stressestrain relationship
The state-dependent behavior of stressestrain relationship was
investigated through a series of large-scale triaxial tests under
different initial states (Honkanadavar, 2010; Seif El Dine et al.,
2010). Fig. 6 shows the comparisons between stressestrain re-
lationships of RFM and Toyoura sand. With increase of axial strain,
the volume strains of RFM and Toyoura sand ﬁrstly increase to the
peak value, and then decrease. Even though there is an obvious
volume dilatation behavior of both RFM and Toyoura sand, the
stress ratio h of RFM presents a stress hardening behavior, while
Toyoura sand displays a stress softening behavior. Similar behaviors
were found in the works of other authors (Gupta, 2000;
Varadarajan et al., 2001; Indraratna and Salim, 2002; Salim and
Indraratna, 2004; Varadarajan et al., 2006; Gupta, 2009a, b;
Honkanadavar, 2010; Honkanadavar et al., 2011, 2012; Vasistha
et al., 2012, 2013; Honkanadavar and Sharma, 2013).
2.2. Dilatancy behavior
The research on the dilatancy behavior of RFM is far from suf-
ﬁcient. Indraratna and Salim (2002) improved the stress-dilatancy
relationship by incorporating particle breakage, and proposed a
relative constitutive equation based on the large-scale triaxial tests
data of coarse aggregates. Xu and Song (2009) revised Rowe stress-
dilatancy relationship by adding a parameter to consider the dif-
ferences between the actual model of RFM and the idealized model
of sand in particle size (Sun et al., 2014b, c), in association withFig. 3. Variations of peak state friction angle of RFM with initial void ratio.
Fig. 4. Variations of peak state friction angle of RFM with maximum particle size.
Fig. 5. Variations of peak state friction angle of RFM with coefﬁcient of uniformity.
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Xiao et al. (2015b) found that the stress-dilatancy relation of coarse
granular soils was greatly inﬂuenced by the intermediate principal
stress ratio through a series of true triaxial compression tests (Xiao
et al., 2014f).
Bolton (1986) put forward an empirical stress-dilatancy model
of sand based on the tests of 17 different sands, and this model wasFig. 6. Comparisons between stressestrain relationships of RFM and Toyoura sand.in good agreement with the test data as critical friction angle was
about 30. When the critical friction angle was greater than 40, the
differences between the model predictions and test results are
signiﬁcantly large.
The peak state friction angle 4p increases with the increasing
maximum dilatancy angle jmax (as shown in Fig. 7), and the peak
state friction angle 4p is equal to the critical state friction angle 4cs
when the maximum dilatancy angle jmax decreases to zero. Fig. 7
also shows that the critical state friction angle 4cs is about 40,
greater than 30. In this regard, the empirical stress-dilatancy
relationship proposed by Bolton (1986) cannot be applied directly
in such condition.
As shown in Fig. 8, the excess friction angle with regard to the
maximum dilatancy angle jmax can be linearly expressed as
4p  4cs ¼ cdj (1)
where cd is a dilative parameter with a value of 0.37.
While the dilatancy parameter for stress-dilatancy relation
proposed by Bolton (1986) was 0.8 in plane strain test and 0.5 in
triaxial test, both of themwere different from 0.37 reported by this
paper.2.3. Particle breakage behavior
2.3.1. Breakage index
Particle breakage index that quantiﬁes the degree of particle
breakage, can reﬂect the degree of particle crushing of material (Lee
and Farhoomand, 1967; Hardin, 1985; Lade et al., 1996; Muir Wood,
2007; Muir Wood and Maeda, 2008; Muir Wood et al., 2009) and
energy dissipation (McDowell et al., 1996; McDowell and Bolton,
1998; Ueng and Chen, 2000; Einav, 2007aed, 2008; Einav et al.,
2007; Nguyen and Einav, 2009; Ben-Nun and Einav, 2010; Russell,
2011). Particle breakage index can be divided into different cate-
gories based on four methods. The ﬁrst one is the PSD method,
which is based on the differences of PSD before and after test. This
method produced a single index, such as B15 (Lee and Farhoomand,
1967), B10 (Lade et al., 1996), Bg (Marsal, 1967) and Bt (Nakata et al.,
1999), and a global index, such as Br (Hardin, 1985), BrE (Einav,
2007a), IG (Muir Wood and Maeda, 2008), and BBI (Indraratna
et al., 2005). The second one is ﬁne content (FC) method
(d < 0.075 mm) (Miura et al., 2003). The third one is area method
(Miura and Yamamoto, 1976; Miura and O-Hara, 1979; McDowell
et al., 1996; McDowell and Bolton, 1998; Cristian, 2011; Fox, 2011;Fig. 7. Variations of the peak state friction angle of RFM with the maximum dilatancy
angle.
Fig. 8. Variations of excess friction angle of RFM with maximum dilatancy angle. Fig. 10. Variations of particle breakage index of RFM with coefﬁcient of uniformity.
Fig. 11. Variations of particle breakage index of RFM with initial void ratio.
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test and the last one is the discrete element method (DEM) (Cheng
et al., 2003, 2004; Lobo-Guerrero and Vallejo, 2005, 2006a, b; Lobo-
Guerrero et al., 2006; Einav, 2008; Ben-Nun and Einav, 2010;
Indraratna et al., 2010; Thakur et al., 2010; Bagherzadeh Kh et al.,
2011;Wang and Yan, 2012; Indraratna et al., 2013), which simulates
particle breakage by a discrete element software.
The particle breakage index Bg (Marsal, 1967) increases as the
conﬁning pressure arises (as shown in Fig. 9), while decreases with
an increase in coefﬁcient of uniformity Cu (as shown in Fig. 10). The
greater conﬁning pressure, the more contact force among particles,
which leads to the greater particle breakage. In addition, greater
coefﬁcient of uniformity Cu means more intermediate particles, and
the PSD curve is distributed in a wider range, resulting in more
contacts among particles. A decrease in the force of each particle
due to increasing contacts causes decrease in the particle breakage.
There are no obvious variations of particle breakage index Bg
with different initial void ratios (as shown in Fig. 11) and maximum
particle size (as shown in Fig. 12).2.3.2. Mechanical model on particle breakage
The mechanical model considering particle breakage was
mainly based on the energy dissipation equation (McDowell et al.,
1996; McDowell and Bolton, 1998; Ueng and Chen, 2000; Einav,
2007aed, 2008; Einav et al., 2007; Russell, 2011). McDowell et al.Fig. 9. Variations of particle breakage index of RFM with conﬁning pressure.(1996) used the basic equation of energy dissipation to ﬁnd a
new mechanical model incorporating crushing energy dissipation
mechanism. Einav (2007a) proposed the crushing mechanical and
relevant constitutive model (Einav, 2007bed; Einav et al., 2007) in
view of the fractal theory, relative breakage index (Hardin, 1985)
and crushing energy dissipation equation.Fig. 12. Variations of particle breakage index of RFM with maximum particle size.
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3.1. Critical state theory and model
Critical state theory (CST) (Schoﬁeld and Wroth, 1968) repre-
sents the start of modern soil mechanics and is ﬁrst used for
cohesive soils. Been and Jefferies (1985) proposed a state parameter
j, which is the differences between current void ratio and critical
state void ratio. Many researchers used CST for sands by adding this
state parameter (Been et al., 1991; Jefferies,1993; Sheng et al., 2008;
Cameron and Carter, 2009). Subsequently, a series of state param-
eters was pointed out (Ishihara, 1993; Wan and Guo, 1998; Wang
et al., 2002; Lashkari, 2009). Cubrinovski and Ishihara (1998a, b)
presented a state-dependent constitutive model for sand based
on the state parameter (Ishihara, 1993). Yu (1998) proposed a
uniﬁed state parameter model for clay and sand (Yu, 2006; Yu et al.,
2007a, b).
Manzari and Dafalias (1997) presented a state-dependent model
for sand under multi-axial conditions based on the state parameter
j (Been and Jefferies, 1985) and bounding surface plastic theory
(Dafalias and Popov, 1975, 1976; Yang et al., 1985; Anandarajah and
Dafalias, 1986; Dafalias and Herrmann, 1986; Dafalias, 1986a, b;
Kaliakin and Dafalias, 1990; Wang et al., 1990; Crouch et al.,
1995), then extended the anisotropic state-dependent model for
clay or sand (Dafalias andManzari, 2002, 2004; Dafalias et al., 2004,
2006; Li and Dafalias, 2004, 2012; Ming et al., 2007; Taiebat and
Dafalias, 2008; Taiebat et al., 2011), and destruction behavior for
structural soil (Taiebat et al., 2010). Li and Dafalias (2000) estab-
lished a uniﬁed state-dependent model for sand under triaxial test
based on the critical state behavior (Li, 1997; Li and Wang, 1998),
and in this model, both dilative stress ratioMd and bounding stress
ratio Mb were in the exponential forms of state parameter j.
3.2. Bounding surface plastic theory and model
Bounding surface plastic theory is particularly appropriate for
simulating the stressestrain behavior of geotechnical materials
under complex stress condition. Bounding surface model is a spe-
cial case of multiple potential surface models (Mroz et al., 1979),
and is the two-surface model (Dafalias and Popov, 1975; Krieg,
1975; Mroz et al., 1979; Dafalias, 1986b) actually. It was ﬁrst
applied to metal (Dafalias and Popov, 1975, 1976; Krieg, 1975), and
then used for concrete (Yang et al., 1985), for pavement materials
(McVay and Taesiri, 1985), for cohesive soils (Anandarajah and
Dafalias, 1986; Banerjee and Yousif, 1986; Dafalias and Herrmann,
1986; Dafalias, 1986a; Kaliakin and Dafalias, 1990; Liang and Ma,
1992a, b; Dafalias and Manzari, 2002; Ling et al., 2002; Dafalias
et al., 2006; Jiang and Ling, 2010; Taiebat et al., 2010, 2011), for
sands (Bardet, 1986; Liang et al., 1988; Wang et al., 1990; Liang and
Shaw, 1991; Manzari and Dafalias, 1997; Dafalias and Manzari,
2004; Dafalias et al., 2004; Li and Dafalias, 2004; Khalili et al.,
2005; Taiebat and Dafalias, 2008; Taiebat et al., 2010), for geo-
synthetics (Ling et al., 2001; Liu and Ling, 2007), and for RFM (Xiao
et al., 2011, 2012, 2014c, d, e, 2015c, d). In addition, Crouch et al.
(1995) put forward a uniﬁed bounding surface model for clay and
sand. Moreover, Manzari and Nour (1997) proposed a general im-
plicit algorithm of bounding surface model. Liang and Ma (1992c,
d), Yao et al. (2008a, 2009, 2012) and Yao and Kong (2012) pre-
sented a limit surface. Wang et al. (2012) found a reference surface,
which was similar to the bounding surface.
3.3. Model incorporating particle breakage
More and more scholars have paid attention to the constitutive
model considering particle breakage owing to its important role inthe mechanical behaviors of granular materials, such as dilatancy,
strength and stressestrain behavior. Overall, these models can be
classiﬁed into six categories.
The ﬁrst one is the revised stress-dilatancy relation method.
Indraratna and Salim (2002) used test results of particle breakage to
revise the stress-dilatancy relation (Rowe,1962) by adding crushing
amount and particle breakage index into the dilatancy relation, and
then proposed a related plastic constitutive model (Salim and
Indraratna, 2004). Xu and Song (2009) analyzed particle breakage
by adding a parameter to the stress-dilatancy relation (Rowe,1962).
In addition, McDowell et al. (1996), McDowell and Bolton (1998),
and Russell (2011) revised the plastic ﬂow rule of Cam-Clay model
in view of energy dissipation during particle breakage, and pro-
posed a new model.
The second one is thermo-mechanical approach. Einav (2007a)
developed a thermo-mechanical approach, which was based on
the continuum damage mechanics and hypothesis of fractal theory,
and then proposed a series of constitutive methods (Einav, 2007b;
Einav et al., 2007; Nguyen and Einav, 2009; Ben-Nun and Einav,
2010).
The third one is modiﬁed hardening parameter method. Yao
et al. (2008b) examined the effect of particle breakage on the
slope of critical state line (CSL) through the relationship between
the hardening parameter and particle breakage, and proposed a
constitutivemodel based on the uniﬁed hardening (UH)model (Yao
et al., 2009). Fu et al. (2012, 2014) amended the critical state stress
ratioMcs indirectly by altering the critical state friction angle 4cs on
the basis of the generalized plasticity theory (Pastor et al., 1990).
Moreover, based on the Cam-Clay model, Cecconi et al. (2002)
presented a constitutive method considering particle breakage
through the relationship among the friction angle, yield surface
shape and accumulated plastic strain. Xiao et al. (2015d) proposed a
particle breakage critical state model and introduced the relative
breakage index Br to the yield surface and hardening rule.
The fourth one is DSC model. Based on the DSC model (Desai,
2001), Varadarajan et al. (2003, 2006) reversed the stressestrain
relationship in initial condition that there was no breakage, and
then derived the relevant model.
The ﬁfth one is the nonlinear CSL method in e-log10p plane. Li
and Wang (1998) presented an exponential CSL considering parti-
cle breakage indirectly, and the slope of this CSL increased with an
increase in stress. Within the framework of bounding plastic the-
ory, Russell and Khalili (2004) described the nonlinear behavior of
CSL under different stress states and particle breakage conditions
by building complex piecewise functions in e-log10p plane, and
then proposed a model considering particle breakage. Indraratna
et al. (2014) pointed out that the CSL was not straight for low
conﬁning pressure due to particle breakage of the ballast, and
proposed a modiﬁed Cam-Clay model considering particle
breakage by introducing the particle breakage index BBI to the state
parameter j, yield function f and dilatancy relationship.
The sixth one is the relationship among the location of CSL,
crushing and plastic amount method. Daouadji et al. (2001) found
that particle breakage would lead to the variation of maximum and
minimum void ratios, as a result of which CSL fell down with
increasing particle breakage in e-log10p plane. They built the rela-
tionship between accumulating revised plastic amount and loca-
tion of CSL, and then obtained a constitutive model by
incorporating particle breakage. In addition, some extensions of
this model (Daouadji et al., 2001) had been done (Daouadji and
Hicher, 2010; Hu et al., 2011). Moreover, Muir Wood et al. (2009)
proposed a model considering particle breakage based on the
relationship between the grading variation and particle breakage
index IG. Meanwhile, based on the generalized plastic mechanics,
Liu and Zou (2013) presented the relationships of CSL location,
Y. Xiao et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 415e422420crushing and plastic amount, and then built a model by incorpo-
rating particle breakage.
4. Discussion
The constitutive models mentioned above are generally applied
to the sandy and clayey soils. Research on the constitutive model of
RFM is not as intensive as that of sands. There are some errors in
applying the existing models into RFM, since the strength of RFM is
higher than that of sand and clay. Furthermore, the dilatancy
behavior of RFM is different from that of sand. It should also be
noted that even the particle breakage of RFM is evident, and the
stressestrain relationship of RFM is very complicated.
Many large-scale triaxial tests have shown that the strength of
RFM is nonlinear on the meridian plane and is approximately
rounded triangle on the deviatoric plane, and these behaviors
cannot be described accurately by common strength criterion. So, it
is necessary to propose a series of nonlinearly isotropic or aniso-
tropic strength criteria considering these behaviors of RFM
mentioned above.
The dilatancy behavior of RFM is complex, which is mainly
affected by particle breakage and conﬁning pressure. The particle
breakage of RFM is obvious, and the degree of breakage is not easy
to be quantiﬁed by common particle breakage indices due to the
large dimension of RFM. In addition, it is complex to measure the
area of PSD curve before and after tests, and there is no unique
result due to the effect of unit for the total one. There is a tendency
to propose a related simple and uniﬁed total particle breakage in-
dex of RFM in the future research.
Conventional constitutive model, such as DuncaneChang
model, cannot consider the inﬂuence of intermediate principal
stress, particle breakage, conﬁning pressure and initial void ratio on
the stressestrain relationship of RFM synthetically. So, it is neces-
sary to propose a state-dependent parameter and particle breakage
index of RFM for describing the critical state behavior of RFM
considering particle breakage.
5. Conclusions
A series of large-scale triaxial tests was summarized to inves-
tigate the research development of RFM on the mechanical prop-
erty, dilatancy relation, particle breakage and constitutive model.
Conﬁning pressure and particle breakage index play the most
important roles in determining the strength of RFM. Dilatancy
relation proposed by Bolton is not suitable for RFM due to the
different particle shapes and breakage mechanisms. In addition,
particle breakage of RFM varies with conﬁning pressure and initial
void ratio. Conventional constitutive model cannot describe the
complex behaviors of RFM. Therefore, it is necessary to propose a
uniﬁed constitutive model of RFM, considering the state-
dependent and particle breakage behavior.
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The following symbols are used in this paper:
p0 Conﬁning pressure (kPa)
4p Peak state friction angle
4cs Critical state friction angle
Bg Particle breakage index
e0 Initial void ratio
dmax Maximum particle size
Cu Coefﬁcient of uniformity
h Stress ratio
jmax Maximum dilatancy angle
cd Dilative parameter
Md Dilative stress ratio
Mb Bounding stress ratio
j State parameter
IG Particle breakage indexReferences
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